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BiFeO; was studied as an alternative environmentally clean ferro/piezoelectric material.
200-nm-thick BiFeQ films were grown on Si substrates with Srgi@s a template layer and
SrRuG;, as bottom electrode. X-ray and transmission electron microscopy studies confirmed the
epitaxial growth of the films. The spontaneous polarization of the films wa§ uC/cn?.
Retention measurement up to several days showed no decay of polarization. A piezoelectric
coefficient (d35) of ~60 pm/V was observed, which is promising for applications in
micro-electro-mechanical systems and actuator0@4 American Institute of Physics

[DOI: 10.1063/1.1799234

Perovskite BiFe@ (BFO) has attracted much attention copy[(TEM), JEOL 4000FX operating at 300 kWere used
recently due to the coexistence of ferroelectric and magnetito characterize the film structure. Ferroelectric property mea-
orders. It has high CurigTc~1100 K} and Neel (Ty,  surements were performed with a commercially available
~673 K) temperatures. In the bulk, it possesses a rhomboRT6000 test systeniRadiant Technologies, USAPiezo-
hedrally distorted perovskite structure with space grougelectric measurements were done using a setup based on an
R3C'C306-1 The rhombohedral and pseudocubic unit cell pa_atomic force microscop‘éwhile the dielectric constant was
rameters are=5.6166) A, «=59.355)°? anda=3.96 A,  determined by a HP impedance analyzer.
respectively. Electrical characterization of bulk single crystal A typical x—ray 6—26 scan, Fig. 1a), shows only(00)
samples has been difficult due to their very low resistivity diffraction peaks from BFO and SRO in addition to Si peaks
Teagueet al. reported a polarization of 3,5C/cn? along (r_10t _showr). No reflections were_detected that would be in-
(001) at 70 K, indicating a polarization of 6,4C/cn? along ~ dicative of second phases. A phi scan of the BR02) and
(111),3 which is much smaller than expected from a materialSI (404 planes'lsf displayed as m_set' of .Flg“{a)L Only fpur
with such a high Curie temperature and large distortion. Re_sharp_peaks orlg_mate _from BFQ indicating that the f'IT has
cently, it has been reported that both epitaxial and polycrySQOOd |fnl-3[|):I%ne _orr]lentatlon. Thi 'n?t also reveasls Ia 45 q rota-
talline BFO thin films with reasonably high resistivity show UO" 0F BFO with respect to the Si substrate. Selected area
large polarizationé’.5 For example(001) oriented thin films electron ?lﬁractlc;]r_] from a croshs-se.c;ftlon .TEM sample, F'g
BFO display a polarization of-55 uC/cn?, comparable to 1(b?’ C(fm 'rmseg(; lg_rrgtatlonl. T € ﬂ' fzactflon psggn.s g.”g"
the very popular ferroelectric system, (2 Ti;_,)O5 (PZT), nating from y overlap with that from » Indicat-

hich has b died for decades f licati .ing that both SRO and BFO grow cubic-on-cubic with re-
which ‘has been studied for decades for applications iiy,qct 1o STO. These results can be understood on the basis of
memory, transducers, and micro-electro-mechanical systergape lattice matchdsgoiog=3.94 A, dero100=3.91 A with
(MEMS). An aspect of concern with the PZT system is its SRO10G » “STQ100

relative toxicity accruing from lead. BFO provides an alter- dSK“@:l&E:Z Aoi Ths 0,; ;gf'—g\)lane Igttlceb_cons_tan:]_o; BFO
native choice of a Pb-free ferro/piezoelectric material, whichWVas calculated to be-3. (pseudocubic unjt which is

is environmentally preferable. Approaches to grow highsmaller than its bulk value. The film is likely to have mono-

quality BFO films on Si substrates are desirable. Such aﬁg':]'qc esttirnuCt;f;gé:t;r;)str?ebiimatrlggsil\?ea}stfggssfr?wuiggg t?f tt\r:veo
approach is demonstrated in this letter using a template lay peting ‘ P P y

- o . ) . WYEROISTO layers, which have in-plane lattice parameters
E(;nni';g;%lg;_ig;ﬁlzlpim, vvsr;l;g)m 3\;@03:;6\20%:;?;33 f?) Ir smaller than that of BFO; an@) a tensile stress due to the
the integration of PZT with 9 thermal mismatch of Si and the oxide$Si:a~3

X 107% deg? a~1x105 deg™?). Si i
200 nm BFO thin films were grown by pulsed laser 10°¢ deg, BFO:a~1x10°° deg™™). Since the fims

deposition. To ensure heteroepitaxial growth, 20 nm SrRuO
(SRO was chosen as bottom electrode. Details of depositiOﬂ-ABLE |. Summary of deposition parameters used for SRO and BFO films.
parameters are listed in Table I. After deposition, the films Substrate Energy 0. partial Denosition
were annealed at 390 °C for 1 h during coolift&® C/min) temperature  density pzrepssure ‘:ate

in 1 atm oxygen ambient. X-ray diffractioitiemens D5000 gjm °C) (3/cnd) (m Torp (nm/min)
four-circle diffractometerand transmission electron micros-

SRO 650 ~1.2 100 ~0.7
BFO 670 ~1.2 40 ~7
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FIG. 1. (a) Typical —26 scan of a BiFe@ SrRuG/SrTiO;/Si sample. No
second phase was observedscans of BiFe@ (202 and Si(404) indicate
a 45° rotation of BiFe@ unit with respect to Si(b) Electron diffraction
pattern confirms the epitaxial growth the films.
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served an increase &P around 3 V reaching a value of
~100 uC/cn? at 12 V. For use in memory applications, the
coercive field(which is currently~2-3 V for 200 nm film
has to be lowered to about 0.7—1 V. In the case of PZT thin
films, this has been shown to be possible through cationic
substitutions, which tunes the tetragonality of the material.
Our preliminary experiments using La substitution at the Bi
site suggest a similar prospect in the BFO system. The films
display resistivity values of~10° () cm at zero bias, lower
than those of typical perovskite ferroelectric oxides like PZT,
and possibly due to defects, i.e., oxygen vacancies. The pulse
width dependence afP down to 1 us is shown in Fig. &).
The stability of the polar state is confirmed by retention mea-
surements as shown in Figid}. No significant change of the
polarization was observed over a period of several days.

Piezoelectric hysteresis loop, Figa shows a remnant
ds3 value of 60 pm/V for the fully clamped film, which is
comparable to that obtained from Ti-rich PZT filraar/Ti
ratio of 20/80. Figure 3b) shows the small signal dielectric
constant,e,, for a 32um capacitor. The observes was
~170.

We have also studied the thickness dependence of the
polarization, piezoelectric coefficient, and dielectric constant
of the epitaxial BFO films on Si. Figure 4 contains the sum-

are thicker than the expected critical thickness for dislocatiof@y Of the results. The out-of-plane lattice constant de-

formation, we expect that the thermal stress dominates &€ases as the film thickness increases from 100 to 400 nm,

the decrease in the out-of-plane lattice parameter. eSS _ - 1TOl ;
Ferroelectric properties were characterized using botff€eping in mind that the dominating thermal mismatch re-

polarization hysteresis as well as pulsed polarization meaduces the bulk value of the out-of-plane lattice constant. Fig-
surements. We use Pt as top electrode. Figgae shows a
set of hysteresis loops measured on gud2-diam capacitor
at a frequency of 15 kHz. A remnant polarization Bf

~ 45 uC/cnt is observed, which is smaller than that of films the other hand, the piezoelectric constdgy shows a dra-
grown on single crystal STO substrates55 uC/cn? on

[100] STO and~95 uC/cn? on [111] STO).* This can be
understood as a consequence of the smellaratio of BFO
on Si. Pulse polarization measurements that are less likelir in the BFO films grown on STO substrates.

convoluted by leakage and nonlinear dielectric effects, con-

compressive stress originating from SRO/STO layers, while

ure 4 also shows the switchable polarizatiaf}, measured
at constant electric fiel¢d00 kV/cm, corresponding to 8 V
for 200 nm film. The change IM\P is relatively small. On

matic increase from~30 pm/V for a 100 nm film to
~120 pm/V for a 400 nm film; the dielectric constant fol-
lows the same trend aks; We have observed similar behav-

In summary, epitaxial BFO thin films were grown on Si

firmed this result. Figure(®) shows the pulsed remnant po- substrate using a STO template layer. A significant polariza-
larization,(AP=P"-P"~ = 2P,, whereP" is the switched po-
larization andP” is the nonswitched polarizatiprversus
applied electric field, measured using &6 pulses. We ob-

tion, ~45 uC/cn?, was observed at room temperature for a
200 nm film. Retention analyses up to several days con-
firmed the polarization stability. 400-nm-thick films possess
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